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We present new calculated and experimental values of the NMR indirect nuclear spin–spin coupling constant in
HD. In the quantum-chemical ab initio calculations, the full configuration-interaction (FCI) method is used,
yielding an equilibrium value of 41.22Hz in the basis-set limit. Adding a calculated zero-point vibrational
correction of 1.89Hz and a temperature correction of 0.20Hz at 300K, we obtain a total calculated spin–spin
coupling constant of JFCI(HD)! 43.31(5)Hz at 300K. This result is within the error bars of the experimental gas-
phase NMR value, Jexp(HD)! 43.26(6)Hz, obtained by extrapolating values measured in HD–He mixtures to
zero density.
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1. Introduction

The HD molecule is the smallest molecule for which
the NMR indirect nuclear spin–spin coupling constant
may be observed and at the same time a molecule for
which ab initio quantum-chemical calculations may be
performed at the most advanced levels of theory.
In this work, we present a combined experimental and
theoretical study of the J(HD) nuclear spin–spin
coupling constant of this molecule, aiming to establish
more accurate experimental and theoretical values for
this constant.

The importance of electron correlation for the
accurate calculation of indirect nuclear spin–spin cou-
pling constants was established by Kowalewski et al.
in their work on HD in 1974 [1]; for a review of early
theoretical and experimental work, see [2].
Among the more recent work, we mention the
CCSDPPA (coupled-cluster singles-doubles polariza-
tion-propagator approximation) study of Oddershede
et al. from 1988 [3], the MCSCF (multiconfigurational
self-consistent field) study of Vahtras et al. from 1992
[4], and the SOPPA(CCSD) (second-order polarization
propagator with coupled-cluster singles-doubles ampli-
tudes) study of Enevoldsen et al. from 1998 [5]. Whereas
the study of Kowalewski et al. [1] included only the
dominant Fermi-contact (FC) contribution to the spin–
spin coupling constant in the nonrelativistic Ramsey

theory, the more recent studies included also the smaller
spin–dipole (SD), paramagnetic spin–orbit (PSO) and
diamagnetic spin–orbit (DSO) contributions.

The work of Oddershede et al. [3] highlighted the
slow basis-set convergence of the FC contribution to
the coupling constant with Gaussian-type orbitals
(GTOs). Whereas an 11s5p2d basis with an s exponent
of 5000 yields a FC coupling of 39.24Hz, the addition
of a single s function with an exponent of 15,000 gives
39.69Hz; for convergence, exponents up to 150,000 are
needed. Their final near-equilibrium value of the
coupling constant (rescaled as discussed below) is
41.00Hz, at a bond distance of R ! 1:4 a0. In the work
of Vahtras et al. [4], different MCSCF wave functions
were used and partly compared with FCI (full-
configuration-interaction) results, yielding a coupling
constant of 41.135Hz at the same bond distance, while
the SOPPA(CCSD) study of Enevoldsen et al. [5] gave
41.17Hz. For a meaningful comparison with experi-
ment, rovibrational and temperature effects must also
be taken into account. The analysis of [4] shows that
there is a significant zero-point-vibrational (ZPV)
correction of about 2Hz to the coupling constant,
with an additional, much smaller temperature correc-
tion. Similar corrections were found in [3].

Different experimental values of the indirect
nuclear spin–spin coupling constant of HD exist in
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the literature: 43.115(12)Hz [6]; 43.05–43.09Hz [7]
and 42.94(4)Hz [8]. However, some of these have been
determined under experimental conditions that are not
documented in detail and none correspond to the value
of an isolated HD molecule. Therefore, although the
above ab initio results are closer to first two exper-
imental values than to the third value, more elaborate
calculations are required to refute any of the experi-
mental values.

Recently, anomalous spin-dependent potentials
between nucleons have been discussed [9]. To estimate
the magnitude of the spin-dependent forces, the differ-
ence between the measured and computed J(HD) was
analysed. However, to put further constraints on these
forces and their magnitude, more accurate experimental
and calculated values are needed for the HD coupling
constant. This task is accomplished in the present
paper, where new measurements and new calculations
of the HD coupling constant are presented.

In the remainder of this paper, we present our
experimental investigations in Section 2, followed by a
presentation of the quantum-mechanical calculations
in Section 3. Some concluding remarks are given in
Section 4.

2. Experimental determination of J(HD)

As a part of this study, we have performed gas-phase
deuterium NMR measurements of the spin–spin

coupling constant in the HD molecule. For this
purpose, a small amount of HD was diluted in a
gaseous helium-4 solvent and the spectra were
observed over a wide pressure range, up to about 300
atm. The details of the experimental setup were
described in a previous paper [10].

Our results are linearly dependent on the density of
the solvent gas, see Figure 1. We can therefore
extrapolate our experimental points linearly to the
zero-density limit according to the relation

J"HD# ! J0"HD# $ J1(HD%He#!4He, "1#

where !4He is the density of the solvent gas (4He).
Using the Levenberg–Marquardt algorithm, this
approach yields a nuclear spin–spin coupling constant
free from intermolecular interactions of J0(HD)!
43.26(6)Hz and an intermolecular-interaction coeffi-
cient of J1(HD–He)!%0.01(1)Hz L mol%1, showing
that J(HD) is slightly reduced by the interactions with
helium.

Unlike previous experimental investigations, our
J(HD) measurements thus permit the determination of
the spin–spin coupling constant of an isolated HD
molecule, corresponding directly to the calculated
ab initio value. In 1975, Neronov et al. [6] measured
a gas-phase value of J(HD)! 43.115(12)Hz for HD in
the presence of water vapour at 130 atm. Later, in
1989, the same group reported a spin–spin coupling
constant of 43.05–43.09Hz but did not give further

Figure 1. The measured J(HD) indirect nuclear spin–spin coupling constant in HD plotted as a function of the gas-solvent (4He)
density at 300K.
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details [7]. Finally, an experimental gas-phase value of
42.94(4)Hz measured at 40K is reported in the thesis
of Beckett from 1979 [8] (see [3,4]).

Our experimental values cannot be directly com-
pared with these literature values, which were obtained
under different experimental conditions. However,
given that our J(HD) value of 43.26(6)Hz decreases
with increasing pressure, a consistency with other
measurements is noted: the coupling constant also
decreases due to interactions with molecules like H2O.
Furthermore, in liquid HD at 20.4K, the HD coupling
constant is 42.94(10)Hz [11], while in liquid CCl4, it is
42.64(1)Hz [6]. However, since the previous gas-phase
studies presented only results characteristic of the
applied experimental conditions [6,7], no experimental
value of the indirect nuclear spin–spin coupling con-
stant of an isolated HDmolecule exists in the literature.

On the other hand, our experimentally determined
value of J0(HD) for the isolated HD molecule changes
slightly if the four outliers in Figure 1 are recognized as
accidental errors and removed. We then obtain
J0(HD)! 43.22Hz instead of 43.26Hz, which is still
within the present error bar of 0.06Hz. In our opinion,
the J0(HD) constant is sufficiently important for
theoretical aspects of nuclear spin–spin interactions
that further experimental investigations are warranted.

3. Computational determination of J(HD)

All values of the coupling constant in HD presented
here have been calculated using FCI theory, with all
four nonrelativistic FC, SD, PSO and DSO contribu-
tions included. The calculations were performed with
the CFOUR program package [12], using the CCSD
(which for two-electron systems is equivalent to the FCI
model) analytical second-derivative code. The underly-
ing theory and its various extensions and applications
have been described by Auer and Gauss [13].

The CFOUR program uses ge ! 2 for the electron
g factor in the spin-dependent FC and SD operators.
However, a perturbation expansion of the g factor in
the fine-structure constant " indicates that we should
use ge ! 2$ "=p$ & & & ' 2:0023193044 also when rel-
ativistic corrections (which are of the order "2) are
neglected. Accordingly, the FC and SD contributions
to the coupling constants reported here have been
multiplied by g2e=4 ! 1:0023206492.

3.1. Basis sets and basis-set convergence

It is well known that calculated indirect nuclear spin–
spin coupling constants are sensitive to the quality of
the basis set – in particular, for calculations in GTO

basis sets. Standard energy-optimized basis sets are not
sufficiently flexible for spin–spin calculations, lacking
the tight s functions needed to describe the FC term
accurately – see [14–16] and references therein. We
have therefore here analysed carefully the FCI basis-set
convergence at the near-equilibrium bond distance of
R ! 1:4 a0 ! 74:085 pm, considering primarily the FC
contribution, which constitutes more than 95% of the
total coupling constant.

For the basis-set convergence study, we have
performed calculations using a number of standard
basis sets, see Table 1. Specifically, we have used
the following basis sets in uncontracted form: the
aug-pcJ-4 (13s8p5d3f2g, 202 GTOs) and aug-pcJ-5
(16s11p7d4f3g2h, 322 GTOs) basis sets developed by
Jensen for spin–spin calculations [15,17,18], the energy-
optimized aug-cc-pV5Z (9s5p4d3p2f, 166 GTOs) and
aug-cc-pV6Z (11s6p5d4p3f2g, 262 GTOs) basis sets of
Dunning [19], and finally the energy-optimized aug-
mcc-pV6Z (14s6p5d4f3g2h, 268 GTOs) and aug-mcc-
pV7Z (16s7p6d5f4g3h2i, 394 GTOs) basis sets of
Mielke et al. [20,21].

To some of these sets, we have added tight and
diffuse GTOs. Thus, the aug-pcJ-5 extensions were
generated by increasing the exponents in a geometric
series, using a factor of 3 and beginning with the
steepest function. An additional steep function was
obtained in the same manner from the second-largest
exponent in the basis. The added diffuse functions were
likewise generated by decreasing the smallest expo-
nents in the basis. As the aug-pcJ-5 basis is unpub-
lished [18], all exponents are listed in a footnote to
Table 1. The aug-mcc-pV6Z and aug-mcc-pV7Z exten-
sions were formed in the same manner, as a geometric
series with the factor of 3 and 2.5, respectively,
beginning with the largest exponent; one additional
steep exponent was obtained from the second-largest s
exponent in the original basis.

In the course of our calculations, we encountered
linear dependencies with the (uncontracted) aug-mcc-
pV6Z and aug-mcc-pV7Z basis sets. These were
removed but it appeared impossible to extend these
basis sets in a systematic manner while maintaining the
same thresholds for linear dependence and conver-
gence in the self-consistent field (SCF) and CCSD
calculations. For the aug-mcc-pV7Z basis set, only one
extension is therefore included in Table 1.

Comparing the FC results listed in Table 1, we first
note that all energy-optimized basis sets without tight
functions added (aug-cc-pV5Z, aug-cc-pV6Z, aug-mcc-
pV5Z, aug-mcc-pV6Z) are inadequate, giving FC
values that are 1–2Hz too low. On the other hand,
the spin–spin-specific aug-pcJ-4 and aug-pcJ-5 basis
sets give reasonably accurate coupling constants
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(in error by about 0.2 and 0.1Hz, respectively) even
without adding tight functions. For high accuracy,
however, all basis sets must be extended with tight
functions. Comparing the extended aug-pcJ-5 and aug-
mcc-pV6Z calculations in Table 1, we find that these
converge to the same value of the FC coupling
constant (about 40.2Hz), differing by only 0.02Hz.
However, the extended aug-pcJ-5 basis sets converge
more rapidly than do the aug-mcc-pV6Z basis sets to
this value.

In the following, we therefore use the largest
extended aug-pcJ-5 basis that does not lead to SCF
convergence problems – namely, the aug-pcJ-
5$8s3p2d-1s1p1d basis set – for the calculation of
the equilibrium spin–spin coupling constant. For
vibrational averaging (ZPV and temperature correc-
tions), the slightly smaller aug-pcJ-5$8s3p2d-1s set is
used except for the ZPV correction to the dominant
FC contribution, which is calculated in the full

aug-pcJ-5$8s3p2d-1s1p1d basis. As discussed below,
the potential-energy curve used in the averaging has
been calculated in the energy-optimized aug-pV7Z
basis set; this curve has previously been used in a study
of the NMR shielding constant of H2 [22].

3.2. The equilibrium spin–spin coupling constant

Our calculated indirect spin–spin coupling constant of
HD and its Ramsey contributions are listed and
compared with literature values in Table 2, at the
near-equilibrium distance of R ! 1:4a0 (for compari-
son with previous work) and at the FCI/aug-pV7Z
equilibrium bond distance of 1.40117a0! 74.147 pm,
close to the experimental equilibrium distance of
71.144 pm.

Our FCI value of 41.16Hz atR ! 1:4a0! 74.085 pm
is in good agreement with the previous MCSCF

Table 1. Basis-set convergence of the contributions to J(HD) (in Hz).

Basisa Tight Diffuse FC SD PSO DSO

aug-pcJ-4 39.9979 0.4734 0.8358 %0.3138
aug-pcJ-5b,c,d 40.1302 0.4427 0.8359 %0.3141

5s 40.1703
7s 40.1826
8s 40.1859
8s3p 40.1859
8s3p 1s 40.1859
8s3p2d 1s 40.1859 0.4487 0.8359 %0.3141
8s3p2d 1s1p1d 40.1857 0.4486 0.8360 %0.3141
9se 40.1868

aug-cc-pV5Z 37.9724
aug-cc-pV6Z 39.1266
aug-mcc-pV6Ze 37.9526

5s 39.9141
7s 40.0887
8s 40.1183
9sf 40.1463
10sf 40.1550
11sf 40.1651

aug-mcc-pV7Ze 38.6720
13s 40.1679

Notes: aAll basis sets in uncontracted form.
bOriginal exponents: s exponents: 31734.03979, 4751.046395, 1081.182381, 306.2565624, 99.92338512,
36.07842978, 14.07708387, 5.853694058, 2.532266846, 1.144811569, 0.5358718358, 0.2563672893,
0.1236128646, 0.06015297494, 0.02; p exponents: 1530, 254.544898, 60.1986564, 19.60231634, 7.610875075,
2.976060939, 1.384466754, 0.7147161374, 0.3695162054, 0.08137864591, 0.027; d exponents: 73, 12.09864056,
3.305902414, 1.414626917, 0.5637310021, 0.1863528466, 0.06; f exponents: 4.385981222, 2.120497098,
0.20069544, 0.07; g exponents: 5.191230279, 0.899964674, 0.08; h exponents: 2.48684289, 0.09.
cTight s exponents: 208207035.9, 69402345.3, 23134115.1, 7711371.669, 2570457.223, 856819.07433,
285606.35811, 95202.11937, 14253.139185; p exponents: 13770, 4590, 763.634694; d exponents: 219,
36.29592168.
dDiffuse s exponent: 0.00667; p exponent: 0.009; d exponent: 0.02.
eSCF convergence threshold modified.
fCCSD energy affected by linear dependencies.
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result (41.14Hz) and SOPPA(CCSD) result (41.17Hz).
However, this agreement is in part fortuitous, noting the
large differences between the SD and PSO values
obtained by us (0.45 and 0.84Hz, respectively) and
those obtained using SOPPA(CCSD) theory (0.50 and
0.76Hz, respectively). In the SOPPA(CCSD) and
MCSCF calculations, a significant basis-set dependence
of the SD and PSO contributions has been observed;
these contributions have now been calculated more
accurately, see Table 1. We note that, going from the
near-equilibrium bond distance of 1.4a0 to the FCI/aug-
pV7Z equilibrium bond distance of 1.40117a0 (an
increase by only 0.06 pm), the total spin–spin coupling
constant increases by 0.06 to 41.22Hz, illustrating the
strong dependence of the coupling constant on the bond
distance.

3.3. Zero-point vibrational and temperature
corrections

A study of J(HD) as a function of the internuclear
distance R, demonstrating its huge increase with
increasing R, has been performed by Bacskay [23] at
the FCI level of theory (albeit in a small basis set). This
geometry dependence is clearly relevant for the com-
parison with experimental data. In the MCSCF study

of [4], for instance, a ZPV correction of 1.96Hz and a
40K temperature correction of 0.01Hz were obtained.
In this work, we have calculated ZPV corrections to
the indirect spin–spin coupling constant of HD as well
as temperature corrections at 40 and 300K. All results
are listed in Table 3.

The ZPV corrections were obtained using the
VIBROT progam, which is part of the MOLCAS
program (version 3) package [24]; it provides a numer-
ical solution of the vibrational Schrödinger equation.
The dominant FC correction was calculated in the
large aug-pcJ-5$8s3p2d-1s1p1d basis set from 13 points
on the property curve, whereas the smaller SD,
PSO, and DSO corrections were obtained in the
aug-pcJ-5$8s3p2d-1s basis from 11 points on this
curve. In all cases, we used the potential-energy curve
calculated in the energy-optimized (uncontracted)
aug-pV7Z basis set rather than in the (spin–spin
specific) basis set used for the spin–spin
contribution. For the FC correction, for example,
we obtain 1.9096 and 1.9104Hz, respectively, from
the aug-pcJ-5$8s3p2d-1s1p1d and aug-pV7Z curves.
We take the latter procedure to be more accurate – see,
for comparison, [22].

The calculated ZPV corrections to the coupling
constant of HD are listed in Table 3. The total ZPV
correction of 1.89Hz is in good agreement with the

Table 2. J(HD) and its contributions (in Hz).

R/a0 FC SD PSO DSO Total

CCSDPPA [3]a 1.4 40.02 0.49 0.82 %0.33 41.00
SOPPA(CCSD) [5] 1.4 40.19 0.50 0.76 %0.29 41.17
MCSCF [4]b 1.4 40.186 0.438 0.818 %0.307 41.135
FCI (this work)c 1.4 40.1857 0.4486 0.8360 %0.3141 41.1563
FCI (this work)c 1.40117 40.2515 0.4479 0.8344 %0.3141 41.2197

Notes: aRecomputed from a FC contribution of 39.93Hz, an SD contribution of 0.49Hz and a total coupling
constant of 40.91Hz since, according to [4], ge! 2 has been used in [3].
bThe results of basis Q of [4]. Basis O gives a total coupling constant of 41.21Hz at R!1.4a0, which is used in
the vibrationally averaged coupling constant in [4]; however, basis O gives a too large SD contribution.
cThe aug-pcJ-5$8s3p2d-1s1p1d basis.

Table 3. Vibrational corrections to the equilibrium spin–spin coupling constant 41.2197Hz of HD (in Hz)a.

FC SD PSO DSO Total cor. J(HD)

ZPVb 1.9104 %0.0147 %0.0242 0.0228 1.8943 43.1140
40K 0.0275 %0.0003 %0.0008 0.0000 0.0265 43.1404
300K 0.2068 %0.0025 %0.0052 0.0002 0.1993 43.3132

Notes: aThe aug-pcJ-5$8s3p2d-1s basis for the property curves (except the aug-pcJ-5$8s3p2d-1s1p1d basis
for the FC ZPV curve).
bThe aug-pV7Z basis for the potential-energy curve.

Molecular Physics 2615

D
ow

nl
oa

de
d 

by
 [U

ni
ve

rs
ite

tsb
ib

lio
te

ke
t i

 O
slo

] a
t 0

4:
28

 2
6 

O
ct

ob
er

 2
01

2 



result in [4]. Adding this correction to the equilibrium
value of 41.22Hz from Table 2, we arrive at a total
J(HD) spin–spin coupling constant of 43.11Hz at 0K.

The much smaller temperature corrections were
calculated using CFOUR in the aug-pcJ-5$8s3p2d-1s
basis, see Table 3. In CFOUR, the coupled-cluster
quadratic force constants are computed as analytical
second derivatives of the energy with respect to normal
coordinates [25], while the cubic force constants and
property derivatives are calculated numerically. The
temperature dependence of the properties of interest
is calculated using thermally averaged values of the
normal coordinates – see [26–28].

Adding the total spin–spin temperature corrections
of 0.03 and 0.20Hz at 40 and 300K, respectively,
to our ZPV corrected coupling constant of 43.11Hz,
we obtain our final values for the indirect nuclear spin–
spin coupling constant of HD: 43.14Hz at 40K and
43.31Hz at 300K.

3.4. Relativistic and other small corrections

We have estimated the relativistic correction to the
spin–spin coupling constants of J(HD) by using
the DIRAC program package [29]. The correction is
of the order of 0.01Hz and was not investigated
further. We have not estimated adiabatic and non-
adiabatic corrections.

Even for an isolated molecule, there is a difference
between the computed and experimental coupling
constant since, in the experiment, the coupling con-
stant is observed in the presence of an external
magnetic field. Available estimates indicate that this
effect is negligible (less than 0.001Hz) for the fields
applied in NMR spectrometers and for the interatomic
distances of interest [30,31].

3.5. Error bars

For a meaningful comparison with experimental
values, it is important to estimate error bars of the
ab initio results. From Table 1, it appears that the error
in the dominant FC contribution to the spin–spin
coupling constant at the molecular equilibrium dis-
tance does not exceed 0.02–0.03Hz. A comparison of
the ZPV corrections determined with two different
potential-energy curves indicates that the ZPV error is
0.01Hz or smaller. The neglected relativistic correction
also leads to an error of about 0.01Hz; the errors
arising from the remaining small effects are negligible.
We conclude that the error in the final ab initio
spin–spin coupling constant of 43.31Hz does not
exceed 0.05Hz.

4. Conclusions

We have presented a combined experimental and ab
initio quantum-chemical study of the NMR indirect
nuclear spin–spin coupling constant of the HD mole-
cule. In the experiment, the gas-phase coupling con-
stant was measured at different pressures, enabling an
extrapolation to the isolated-molecule value of
43.26(6)Hz at 300K. In the full configuration-interac-
tion calculations, we performed a careful basis-set
analysis of the coupling constant at the near-equili-
brium internuclear distance of 1:4 a0, using two
sequences of basis sets, both larger than those applied
in previous studies. To the calculated indirect spin–spin
coupling constant of 41.22Hz at the optimized equi-
librium bond distance of R! 71.147 pm, we added
a large zero-point vibrational correction of 1.89Hz and
a smaller but nonnegligible temperature correction
of 0.20Hz, arriving at a theoretical value of
43.31(5)Hz at 300K, in good agreement with the
experimental result. From our study, it appears that
the difference between the experimental and calculated
spin–spin coupling constant, estimated in [9] to be
smaller than 0.24Hz, is smaller than 0.1Hz.
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